arXiv:1505.05944vl [quant-ph] 22 May 2015 


local probing of nuclear bath polarization with a single electronic spin 
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We demonstrate experimentally that a polarized nuclear spin modifies the dynamic behavior of 
a neighboring electronic spin. Specifically, an out-of-phase component appears in the electronic 
spin-echo signal. This component is proportional to the nuclear spin degree of polarization and 
strongly depends on the nuclear polarization direction. When the electronic spin is surrounded 
by a polarized nuclear spin bath, the spin-echo quadrature manifests a characteristic frequency 
related only to the nuclear spins abundance and their collective polarization. We use this analysis 
to propose a novel measurement method for the local nuclear spin bath of a single electronic spin. 
We quantify the realistic experimental regimes at which the scheme is efficient. Our proposal has 
potential applications for quantum sensing schemes, and opens a route for a systematic study of 
polarized mesoscopical-systems. 


Enhancement of nuclear polarization via polarization 
transfer from electronic spins is a basic ingredient in nu¬ 
clear magnetic resonance (NMR) science, and a promis¬ 
ing approach for enhancing the sensitivity of nuclear spin 
based applications, such as magnetic resonance imaging 
(MRI). For quantum information processing (QIP) and 
quantum meterology studies, nuclear bath polarization 
is essential for initializing the state of the system, for 
instance in a quantum simulator^, or for increasing the 
signal-to-noise ratio (SNR) 2 ®. However, measuring the 
polarization of nuclear spins is a challenge due to their 
tiny magnetic moment. Possible solutions tackling this 
difficulty are measurements involving large ensembles or 
the search for electronic spins energy shifts due to static 
nuclear spin polarization^* 7 . 

An additional approach is to probe the influence of 
the nuclear polarization on the dynamical behavior of 
a central electronic spin 8 9 . The latter is most appealing 
since it relays on the same mechanism that governs the 
electron-nuclear polarization 1011 . Specifically, dynami¬ 
cal decoupling protocols suppress the noise originating 
from the nuclear-spin bath 12 14 i However, they also dic¬ 
tate immunity to any static field originating from the 
surrounding bath, thus preventing its measurement. Sur¬ 
prisingly, when the central spin coherently interacts with 
the surrounding bath, the mutual dynamics of the spin 
and its environment can provide useful information on 
the bath polarization, and the bath polarization can ac¬ 
tually be used for improving the spin sensitivity to mag¬ 
netic fieldP. 

Here, we analyze the effect of nuclear bath polariza¬ 
tion on a prototypical central spin system - the nitrogen- 
vacancy (NV) color center in diamond interacting with 
a bath of 13 C nuclear spins. The NV-center in diamond 
is a promising physical platform for QIP and nanoscale 
metrology; its ground state sub-levels are optically ac¬ 
cessible, can be coherently manipulated using MW fields, 
and present unprecedentedly long coherence times for a 
solid state system at room-temperature 16 . These prop¬ 
erties have engaged a number of important NV-center 
demonstrations in QIP 17 , nanoscale magnetometr^ffif 9 , 
nanoscale NMR 2 -^, and measurements in living cell d 2Q * 21 l 


Here, we study the dynamics of the NV-center interacting 
with a polarized nuclear environment under the simplest, 
yet powerful, dynamical decoupling protocol - the spin- 
echo sequence 22 . 

An illustration of the model system is given in Fig. la; 
It comprises the electronic spin of an NV-center , and 
an ensemble of nuclear spins randomly distributed in 
a diamond lattice in the presence of an external mag¬ 
netic field B. The experimental pulse sequence is given 
in Fig.lb. In spin-echo measurement a (tt/2) pulse ro¬ 
tates the initialized state |0) to a (l/\/2) [|0) + 11)] su¬ 
perposition, |0),|1) being the eigenstates of the elec¬ 
tronic spin. This superposition accumulates dynami¬ 
cal phase according to the local magnetic field at the 
electronic-spin positiori®, but tends to decohere after 
a short time, Xf. An additional n pulse after a du¬ 
ration r will result with a revival of the electronic co¬ 
herence, S', after an identical duration 22 . In an NV- 
based measurement, an additional (tt/2) pulse rotates 
the electronic coherence into a measurable population 
difference of the ground state sublevels, detectable by 
a short optical pulse. Reconstruction of the magni¬ 
tude and phase of the coherence ( Quadrature detection ) 
is achieved by extracting the real component from an 
in-phase (/) pulses sequence (f) — (tt) x — (f) , and 

the imaginary component from the out-of-phase (Q) se¬ 
quence (f ) £c — (tt) x — (f )y 24 * 25 ^(Fig- lb). The coherence 

S, also referred to as the pseudo spin, can be expressed 
using density matrix formalism as S = ff/c wherd^HUl 

Sk = Tr nuc (upupufufipk) . (1) 

Here, = exp represents the evolution op¬ 

erator of the k-th nuclear spin conditioned by the elec- 

tron spin state m s = 0(1), and H!^ s = -^a k • n^ s is 
its corresponding Hamiltonian, where a k are the Pauli 
matrices vector of the k-th nuclear spin, and = 

7nB + m s Afc. Here, the vector A& characterizes the in¬ 
teraction between the k-th nuclear spin and the electronic 
spin under the secular approximation. Finally, pk in Eq. 
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0 is a density matrix characterizing the initial state of 
the k-th nuclear spin. We note that O0m s = o and n ms =o 
are common to all nuclear spins. 

The dynamics reflected from Eq. 0 was previously 
considered and measured^®], under the assumption 
that the nuclear spin-bath is unpolarized, pk = \ 1 (high 
temperature limit). The focus of this work is to intro¬ 
duce polarization to the nuclear system, and to investi¬ 
gate its influence on the dynamical behavior of the elec¬ 
tronic spin NV-center. We introduce the bath nuclear 
polarization as a non-coherent statd^, Yik Pk > where 
pk = |l + ^pcr k ■ m fe , Pk being the initial degree-of- 
polarization of the k-th spin (— 1 < -Pfc < 1), and is 
the polarization direction. 

For a single (k-th) nuclear spin, Eq. 0 can be ex¬ 
pressed explicitly. Assuming that the nuclear polariza¬ 
tion is oriented along the external magnetic field axis 
(m k = no), we find 


S k = 1 - I no x fill 2 sin 2 (- R fc e * S ' c “ l) (2) 

where Rke t&k is the polar representation of cos (ujot) — 
iPk sin (cjq t). The spin-echo envelope modulation 
formula 27 33 ^ is given by the real part of Eq. Q, and 
is independent of the nuclear spin state. In contrast, the 
imaginary part of Sk is proportional to the polarization 
Pk- Fig.lc, and Fig.Id depict the temporal evolution of 
both Sk components for the unpolarized and polarized 
case, respectively. The insets to Fig.l(c,d) present the 
trajectory of Sk in the complex plane. 

To validate the predictions of our theory, we performed 
experiments with a single NV center interacting with 
a single 13 C whose polarization is controlled at will. 
The system is represented with the electron spin states 
10) , | — 1) and with the nuclear spin states \a±) which 
are the eigen-states of H ms= i (Fig. 2a). It has a char¬ 
acteristic splitting A = (27r) 9MHz between the nuclear 
states within the |1) manifold, and rotation frequency 
S = (27r) 0.06MHz between the nuclear states within the 
|0) manifold (determined by our magnetic field align¬ 
ment). Fig. lb schematically describes the three prin¬ 
ciple steps in the experiment: A long laser pulse polar¬ 
izes the electron spin and depolarizes the nuclear spin— 
(step 1). Then, MW and optical pumping operations 
are synchronized with the rotation S to efficiently po¬ 
larize the nuclear spin to one of the |<a±) 35 J(step 2, for 
details on our experimental parameters see^). Finally, 
the I or Q echo sequences are employed, and are fol¬ 
lowed by a readout laser (step 3). Fig. 2c presents the 
measured spin-echo J,Q signals, when the nuclear spin 
was either polarized or remained unpolarized (denoted 
pol and ref, respectively). The collapse of electron spin 
coherence is accompanied with a fast modulation at A 
frequency, as predicted by Eq. 0 (Fig2c, /-signals). 
The same frequency appears in the Q-signal only if the 
nuclear spin is initially polarized. Fourier analysis quan¬ 
tifies the amplitude of this modulation (Fig.2d, starred 



Figure 1: Spin-echo measurement in the presence of a polar¬ 
ized nuclear spin, (a) A single electronic spin interacts with 
a bath of nuclear spins subject to an external magnetic field 
(b) Schematic description of the spin-echo pulse sequence. I 
- in-phase sequence, Q - out-of-phase sequence. (c)[(d)] The 
pseudo spin (S) components as calculated from Eq.® using 
uj\ — 6c<7o for unpolarized [polarized] nuclear spin ; The real 
value is obtained by the in-phase sequence (I), and the imag¬ 
inary values are obtained by the out-of-phase sequence (Q). 
The insets to Fig.l(c,d) present the trajectory of Sk in the 
complex plane. 


peak) enabling a nuclear polarization quantitative esti¬ 
mation. For this strongly coupled spin, one has an di¬ 
rect measurement of the nuclear polarization: during free 
evolution, the nuclear state precesses between the \a±) 
states periodically 3 ®. This precession can be observed 
with a MW1 7r-pulse and laser readout, and its ampli¬ 
tude is proportional to the nuclear polarization, Pk. In 
our experiments, we polarized the nuclear spin to its |<a_) 
state and measured the nuclear polarization using both 
techniques, i.e. our quadrature spin-echo technique and 
the direct method. The former forms the y-axis and the 
latter forms the x-axis in Fig. 2e. (The starred point 
in Fig.2e represents the data extracted from the Q-signal 
curve in Fig.2d, which is marked by a star). When a laser 
pulse of various durations was applied between the nu¬ 
clear polarization step and the nuclear polarization mea¬ 
surement step (Fig.2e, inset), we have observed a gradual 
decrease in the nuclear polarization^, and established 
the linear dependence of our signal to the polarization 
degree Pk (Fig.2e). Moreover, we have used the preces¬ 
sion between the \a±) states to characterize the depen¬ 
dence of the Q-signal in the polarization direction m k 
(Fig.2f, inset). Performing the quadrature detection at 
various times, we find strong modulation of the Q-signal 
as the nuclear spin rotates prior to the spin-echo mea¬ 
surement (Fig.2f). Numerical propagation of Eq. 0 re¬ 
produces these results, when the initial nuclear density 
matrix pk is introduced to the simulation according to 
free precession of the |a_) state around B (Fig. 2f, red 
line). 
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We now show that the polarization of a nuclear spin 
bath in the NV-center surrounding can be extracted from 
this protocol. As each of the Sk terms in Eq. © is a 
complex number, the calculation of the total pseudo-spin 
S is merely a multiplication of their amplitude and a 
summation of their phase. It gives S = A (t) where 
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Figure 2: Experimental demonstration of nuclear polarization 
effect on the spin-echo signal, (a) Energy levels and states of 
the interacting electronic (10), | — 1)) and nuclear (|a±)) spins. 
The dashed blue arrow represents resonant MW field which 
acts on the |0a_) level only, while the two solid orange arrows 
represent MW field which acts on both levels, (b) Schematic 
description of the experimental steps (see main text), (c) 
Measured quadrature spin-echo signals (Pol. - polarized nu¬ 
clear spin, Ref. - unpolarized nuclear spin), (d) The Fourier 
transforms of the signals in (c). Note that the ui resonance in 
the Q-signal (marked by a star) appears in the polarized case 
only, (e) The amplitude of the cji resonance in the Q-signal 
as a function of the nuclear polarization. The inset illustrates 
the addition of a laser pulse used to vary the degree of nuclear 
polarization, the data point marked by star corresponds to 
the measurement in (d). (f) The uj\ resonance in the Q-signal 
as a function of the temporal delay between the nuclear po¬ 
larization step and spin-echo measurement, as schematically 
described in the inset. The solid red curve represent theoret¬ 
ical simulations (see text). 


A (t) has the “collapse and revival” character and 
X Co 2|n 0 xnf| 2 5 0 2 (5f) 2 


$ ( t ) = E tan 1 Pk 


So 2 I 


n 0 x nf| (Sf) - 1 / 


( 3 ) 


Here, S 0 (i) = sin ( a, ° ( 2 1)T ) and Co(i) = cos ( UJo( 2 1)T )- Im- 
portantly, though each nuclear spin possesses only a small 
imaginary term, the total angle, being the sum of many 
nuclear spins, can be finite. This leads to the character¬ 
istic behavior illustrated in Fig.3a. Here, the oscillations 
of the S components (essentially, a rotation of S in the 
complex plane) are seen at the revival times. In contrast 
to the single nuclear spin case (Fig.lc,d), in the polar¬ 
ized bath case the /-signal is modified by the polarized 
nuclear bath, in addition to the dramatic change in the 
Q-signal. At the revival times ( wot r — 27t), the phase 
accumulation rate can be approximated. It is 


_ d<S> (t) 
dt 



x n 



( 4 ) 


and it articulates that at the revival times, w correlates 
with the total magnetization in the NV-center surround¬ 
ings. The weighting factor |no x nf | ensures conver¬ 
gence of the sum, and expresses the importance of nearby 
nuclear spins (alternatively quantify at which magnetic 
field one should expect a prominent signal) 37 * There¬ 
fore, we propose to use w is a quantitative measure 
for the effective magnetization in the NV-center vicin¬ 
ity. Since the oscillations are only observed during the 
revival time of the spin-echo modulation, the revival du¬ 
ration AT influences the oscillations contrast C roughly 

as C ~ exp - (^) 21 


and determines a lower limit 


for the detectable magnetization. 

In our simulations, nuclear spins were randomly posi¬ 
tioned in their lattice sites yielding a desired 13 C abun¬ 
dance. A hollow-sphere configuration was used (0.65nm< 
R < 5.5nm) for omitting the strongly coupled nuclear 
spins; these spins are not described adequately by the 
dipole term taken in Eq. 0, since their hyperfine inter¬ 
action mixes the electron and nuclear states 33 . More¬ 
over, these spins modify the signal significantly, and ob¬ 
scure the universal behavior of an NV-center surrounded 
by a polarized bath. Finally, the polarization of these 
strongly coupled spins can be monitored directly, for ex¬ 
ample using the method described ff j 25 l 35 l Fig. 3b shows 
the simulated Q-signals at a magnetic field of B = 10 
G and natural 13 C abundance (n = 0.01). Nuclear po¬ 
larizations at the level of Mens of percents produce a 
measurable Q (Contrast values are stated to the right 
of each signal). The inset manifests the linear depen¬ 
dence of w in the polarization degree [blue squares are 
best fitted values to a sine function with a Gaussian en¬ 
velope, and red solid line is the prediction of Eq.Q], and 
emphasizes that w could serve as a bath polarization 
probe. Fig.3c summarize the influence of the physical 
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(a) (b) 



B-Field [Gauss] B-Field [Gauss] 

Figure 3: Characteristic frequencies in polarized-bath spin- 
echo signal, (a) Simulated quadrature spin-echo signals (Pol. 
- polarized nuclear bath, Ref. - unpolarized nuclear bath). 
We used B = 50 G, n = 0.1, and P = 1 for the polarized 
bath case (b) The Q-signals at the first revival time for var¬ 
ious degree of polarization (B = 10 G, n =0.01). inset: the 
rotation frequency vo as a function of the polarization P at 
these conditions. (c,d) The frequency vj and the contrast C 
as a function of the magnetic field B, and 13 C abundance n, 
for a maximally polarized nuclear spin environment (P=l). 


B = 500 G, no x n{ are relatively small and collapse- 
and-revival features are not observed for natural abun¬ 
dance diamonds. Accordingly, the oscillatory behavior 
vanishes. For higher 13 C concentrations, however, the 
expected contrast is C ~ 10%, and the corresponding fre¬ 
quency is w ^ 10 kHz. The latter regime is specifically 
interesting because it promotes nuclear-bath polarization 
through excited-state level anti-crossing method 38 40 ). 

To conclude, we studied the use of a central spin, re¬ 
alized here by the NV-center, as a probe for the polar¬ 
ization of a proximal spin bath (complementary to direct 
bulk nuclear measuremeniP^®). We demonstrated ex¬ 
perimentally that by measuring the full spin-echo quadra¬ 
ture of an electronic spin one can measure the magnitude 
and orientation of a vicinal nuclear spin. We apply this 
understanding to the case of a polarized spin bath and 
found that the electronic coherence rotates in a charac¬ 
teristic frequency, which is proportional to the total bath 
magnetization. Thus, our scheme offers a novel sens¬ 
ing method for mesoscopic polarized environments. Our 
sensing method is insensitive to the nuclei geometrical 
configuration, in contrast to the zeeman shift induced 
by static field measurements. Therefore, our technique 
should better apply to nuclear bath polarization in ran¬ 
dom environment such as NV-ensembles. Our results em¬ 
phasize that the polarization of the central spin surround¬ 
ings plays a major role in the spin dynamical behavior. 


regime (magnetic fields and 13 C abundances) on the ob¬ 
servable m, and essentially illustrate the dependence of 
this phenomenon in the pre-factors |no x nf | . The to¬ 
tal effect is quenched by the increasing magnetic field, 
but could be recovered by increasing the number of con¬ 
tributing nuclear spins. Fig.3d supplies the contrast C 
which is required for evaluating the scheme’s efficiency at 
the various regimes. Observable signal is expected at rel¬ 
atively low magnetic fields B < 50G, even for diamonds 
with natural 13 C abundance (for example, zu=50kHz and 
(7=90%, at B = 5 G, n = 0.01). At magnetic fields of 
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